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AN ANALYSIS OF THE PARAMETERS OF A GAS-DYNAMIC LASFR
WITH THE ACETYLENE COMBUSTION

PART I, THE INFLUENCE OF PRESSURE ON THE LASFR PARAMETERS

MICHAL SYCZEWSKI
Military Technical Academy, Warsaw

The effect of decomvression of gases (the ratio of pressure
on the vacuum sgide = P, to the maximum pressure in the
combustion chamber -fbug on the impulse radiation energy
of a laser was investigated, Interpretation of the results
wag carried out on the basis of the recorded curves of the
impulse power for characteristic values of the ratio P/Psw
as a function of time, and on the basis of theoretical
calculations of the parameters of gases in the resonance
cavity,

Reference /1/ descrites the research setup of a gas-dynamic
lacer with utilization of heat and combustion products of acetylene,
In subsequent stage, the laser was improved and systematic studies
on optimization of the conditions of its work were started,

Followineg the suggestion in /1/, in the present series
of experimente we used an improved composition of outlet gases =
which this time contained carbon dioxide in addition to acetvlene
and air, This was achievea by lowering the temperature of the products
of combusrtion while maintaining the optimal numdber of the working
CO2 molecules,

The aim of this work was to investigate the influence

of the conditions of gas flow on the impulse energy of laser,

R




The conditions of flow were varied by changing the ratio of pressure
in the vacnum tank to pressure in the combustion chamber,
Results of investigations of this type of lasers,

published so far /2/, deal usually with the dependence of energy

PN DAy

(or part of the coefficient of radiation enhancement) on the

it <ai i

ro-called inhibiting parameters, 1.e.,, parameters (temverature and
; vrescsure) in the combustion chamber, Often they neglect the fact
| that in a gas~dvnamic laser with impulse action the conditions of
b ras flow are changing during the impulse. Consequently, at every

moment of the duration of impulse there are different pressures

hoth in the combustion chamber and in the vacuum reservoir.
The shape of the nozzle used in practice ensures optimal

conditions of gae flow for only one value of the ratio of pressure

in vacuum tank to precssure in the combustion chamber. Only at this

varticular value of the ratio, gases in the nozzle undergo decom=-
i vression to the wvalue of pressure governing in the vacuum tank,
! and the ras stream at outlet of the nozzle (in diverging part)
ies a unidirectional stream, without turbulance,

Throughout most of the time of the duration of impulse

there is either insufficient or excessive decompression of gases,
Hence the flow is no longer unidirectional.

In this work we are trying to discuss thece problems

or the hasis of results obtained on an experimental setup described

in detail in the work /1/.




Experimental conditions

The main vart of the laser consists of a combustion chamber
vith a flat, gav-type nozzle connected to a vacuum chamber 71/

In the supersonic vart, across the stream of flowing gases, there
ie placed the reesonance cavity of the laser (the lenpgth of active
nart 20 cm), The resonator in the present series of experiments
consicsted of a totally-reflecting aluminum mirror with the radius
of curvatnre 104 cm, and a semitransparent mirror coated with gold
on rsermanium base, The transmission of this mirror was ensured by

a dot not covered with gold, of diameter S mm, Taking into conside-
ration the reflection from the polished non=covered part of the
surface of germanium, the total transmission was about 3% (no
ovtimization of resonator was done).

The nozzle was diverging to the outlet in the profile way,
and not in the form of a wedge, The maximal at the beginnings half=-
anele of divergence was about 400.

In lasere of this type, i.e, of semicontinuous action,
the most important parameter is the energy of the whole radiation
impulse of the laser, The energy was measured by a calorimetric
energy meter, When studying the effect of a given parameter on the
radiation impulee enerey of laser, utmost care was :aken to preserve
the remainine parameters (nozzle construction, resonator, etc.)
nchanred,

The main effort in this work was directed to study of
the influence of the depree of decomprecsion of gases ( fyq%‘M“)

on the radiation impulse energy of the laser E? .




Regulte of measurements and their interpretation

Fignre 1 shows the relation E-f(p/h;....). where: P ~ pressure
in vaciim chamber (average),Psme - maximum ©Pressure in combustion
chamter (approximately constant and equal to 2.12 x 106 N/mz).

The ratio of preesures was changed mainly through the change of
precenre on the vacuum side, from 533 N/m2 to about 2,666 x 104 N/m2.
The curve of the relation E=f(P/Pime) exhibits g distinct maximum ;
at *he value of ratio of about 107,

To facilitate the interpretation of results, Figure 2
chows the optimal value of the ratio of cross-section surfaces of
the nozzle A/A and values of the ratio of temperatures T/‘;

(-r - temverature of gases after decompression, T; - temperature
of rares in the combustion chamber) as a function of the ratio of
pressures Y/PS . The curve AJA=f(p/p,) Wwas determined from the

relation:

A _ (o)™ =G ™
A ( 2 )(u Ik-1) i 4
k+1 "3 .

and the ratio of temperatures from the adiabatie¢ relation:

T
7 = (Plpayt-
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Fieure 1, Dependence of the impulse energy of laser On the ratio

i of pressure in the vacuum chamber P to the maximum pressure in

+the combnstion chamber Pbuuu . Measurements were made of changes

in the laser impulse and pressure with time for points 1-5

(Firure 2).
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Figure 2, Dependence of the optimal ratio of the cross-section areas
of the nozzleA‘o—k and of the ratio of temperatures TA‘,
on the ratio of pressures P/Ps .

Ak_ critical crocc-section of the nozzle,

A - crose-section at the outlet of the nozzle,

T ~ temperature at the outlet of the nozzle,

1; - temperature in the combustion chamber,




The average value of the adiabatic coefficient k (for the given-

below composition of the producte of combustion) was assumed
to ve k - 1.38,

The nozzle used in practice ensured the ovntimal conditions
of the ras flow for only one value plp,=(P/Pdw: » In Figure 1 to the
rirht of this value, through the whole working cycle, there waes an
excesscive decompression of gases in the nozzle, This could result in
csevaration of wall-adjacent layers and in formation of the standine
wave of the pressure drop inside the nozzle,

To the left of (plp)ss there is an insufficient decompression
of rases, beginning from Ps=pm: up to the moment when the varying
value of p, satiefies the condition p/pi =(p/p)s. «+ In this area of
vressures (Figure 1) there is always a moment of the work of laser
when the the ontimal gas-dynamic conditions of flow of the stream
of racees are fulfilled.

The couree of the impulse radiation of laser and of vressure
in the combustion chamber with time wac measured for characteristic
pointe on the curve = denoted by 1-5 in Figure 1, Figure 3 chows
oscillosrams of these measurements, Along the curves of pressure
the oecillograms show a scale of time (1 division = 0,05 sec).

Rememtering that in the precanted investigations (Figure 1)
+he change Of p/Psme. was effected mainly through the change of pressure
on the vacuum side (pima in the majority of cases amounted to

about 21 atm), we can read from the graph an approximate value of

the maximal pressure in the vacuum chamber at which the generation




Fienre 2, The curves of nrerscure ard larer dippulce for characteristic
nointe corrvecmordine to svecific ratios of nrerrircr of the vork of

Tarer (demoted ag in Fienre 1),




of laser radiation ceases, For the given conditions of the nozzle
and resonator this value is about 2.666 x 104 N/m2 (200 mm Hre).
I* has to he vointed out that an increase of pressure in the
comtnetion chamber has no real effect on ehifting of this limit
torards hicher orecsures in the vacuum chamber,

I* i¢ reen from Figure % that in all the cacges there ir
a Yoo early interrnuntior of the generation of radiation, The
earliect interrnption occnre when the pressure in vacuum chamher
is hiecher, For inetance, in the case of the oscillogram 5 the
seneration ceases when the vressure in combustion chamber is
aront 17,2 x 105 N/m2 (17 atm).

The vhenomenon of decrease of the radiation energy of
laser with an increase of pregegure in the resonance cavitv is rather
obrvious, Neplecting the fact that the shape of nozzle is not
optimal in thies pressure range for the whole time of duratior of
the lacer impnlse, the main reason for decrease of the energy of
Jacer ig an increace of the rate of deactivating transitions in
COP molecnles with the rise of vressure and temperature (cee the
r‘wrve% in Fipgure 2).

Movings in the direction of lower vressures in the active
zone of the resonator we see that the energy of laser imrulce
ircreacer, despite the fact that the concentration of working CO2
ralecnles decreases, We explain it by the fact that the radiation-less
relaxation nrocesses Aecreace faster (tecause of simultaneous
decrease of | and P ) than the concentration of molecules /2/,

And we ret 2 hiecher depree of freezing of the population of uvpper

pAettcgiprad e isvel it z [P




1ager level of CO2 molecnles in the resonance cavity,

Next, we come to such values of the ratio of presesures
where an increase of energy is very rapid (point 3 in Figure 1),
despite%fwrther drop of pressure in the resonance cavity., Interpre-
tation of the curve in Ficure 1 below this value of the ratio of
preseures is v no means simple. Comparing the curve E=f(p/p.)
with +the curve TIT,=f(p/p,) one can notice that this increase of
ener v occure in the area where the ratio of temmneratures bverins
+o chanre aleo more rapidly with decrease of the ratio f??} .

It follows from the fact that Tgin all experiments is aporoximately

a constant value (the same composition of races, the same combustion
nressnre) that the reason for such a rise in energy is a drov of the
translational temperature of egases in the area of cavity, There
follows the;??reezinp of the population of upper laser level of

C02 molecules,

Moreover, this increase of the energr of laser impulse
falls in the area of vressures where the applied nozzle harc the
optimized dimensions from the gas=-dyvnamic asvect. This fact indicates
thaty ir the area of maximal pressure in combustion chamber,
rares are Adecomvreseed in the resonance cavity to the value of
nresenre in the vacnuum tank, and there is no turbulant flow in
the nozzle.

After reaching p/p,e.<(p/p)e the optimal conditions
of the flow of gas stream do not fall at Psmes but at a lower
orecenre, Lower parameters of inhibition do not ensure a sufficiently

larere inversion of the population of 002 levels, although there are
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the ovtimal gas=-dynamic conditions of flow, Therefore, after lowering
the ratio of pressures PlPwme below 10"3 we do not observe any
further increase of the energy of radiation impulse of the laser
(point 2 in Figure 1), When the ratio of pressures reaches the
value below 0,8 x 10'3, we observe a sudden drop of the impulse
enerev, As can be seen from oscillogram 1 (Figure 3), a characteristic
feature for this range of pressures is the interruption of generation
at the beginning of the duration of impulse,

In the first period of the decompression of gases,
at a vressure close t0 Pymern there is a higher pressure in the
resonance cavity than in the vacuum reservoir, and this pressure is
close to that which exists in experiments when p/p,mu=(P/P)ept-
In this connection we should not expect a sudder change (disappearance)
of generation conditions because of too low a concentration of active
molecnles in the resonance cavity, Because of insufficient decompression
thie concentration is not cuch as governed by pressure in the vacuum
tank (about €66 N/ma) but corresponds more to pressure in vacuum
tank and in resonance cavity at (PP We should consider,
therefore, Oother reasors for decrease of the energy of radiation
imnulce of laser at low values of pressure in the vacuum chamber
and low values of the ratio of preessures, Below we are presenting
consideratione on the tcnic of phenomena which could be responsible

for the decar of reneration in the early period of the duration

of impulre,




Concidering at first the whole course of impulse, we have
to note that at a certain pressure Ps<Pema the nozzle works under
ontimal conditione, and at the end of impulse there is an excessive
decompression of gases, In this last period, similarly as in samples
4 and 5 during the whole impulse, there can occur separation of the
wall-ad jacent laver of gases and the consequent appearance of standing
wvaves of the pressure drop inside the nozzle,

The fact that for PlPimex<0,6-10-3 the energy of radiation
imolece of laser decreaces ravidly, and that this decrease falls
in the area of voressures where 17“; undergoes a rapid change,
enecrests that the reason for the drop in the impulse energy could bte
a vhace trancition in the products, It avpears plausible that there is
a moment of the work of laser in which translational temperature
in the resonance cavity falle below the temperature of condensation
of water, Such a nhase transition in the products of combustion
conld vroduce the obhserved sharp chanrese in the impulse energy.

Takine into consideration the content of water in combustion
productes as a sum of water formed in the reaction and of water
brought in with the substrates (substrates are not dried), we find
that its amount reaches about 5%. Under the considered conditions,
the total pressure in resonance cavity is about 6,665-102-7,998.10%
N/m2 (5=-6 mm Hr), hence the partial pressure of water vapor is about
LIS N/m2 (0.26 mm He). Under such conditions the state of saturation
(besinnine of condensation) will be reached at the temperature

of about 240 K, We shall consider below whether gases in resonance
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cavitv can reach such a state,

On the basis of recorded maximal pressure in combustion
chamherscalculations were made for composition of the producte of

comhnetion and for temperature of sases /L4/, The equation for the

combnetion reaction,. per ome mole of acetvlene, has the form:

C;H,;+3,250,+14N, +2,9C0, =4,851 CO, + 0,049 CO+ H,0 + 14N, +0,774 0,

The ~umber of moles of substrates Wy = 21,15, the number of moles
of »rodiects W = 20,675, the combustion temperature l; - 2250 XK.
Having these data, and utilizing the adiabatic equation (2),

we can calculate the avvroximate temperature in the resonance
cavitv, The regquired value of adiabatic coefficient was determined
from the ahove given comvosition of products for the temperature

27% K (ard not for 00 K as at 17&; in Firure 2), Tn this case, the
valne of the coefficient is k = 1,38, The translational temperature
in reconance cavity, calculated for thie value, is 7- = 298 K,

In calculations we assumed the value f??k - 0,65 x 10-3, the value
at which the impulse energy of laser is clearly lower than the
maximal one, Taking into consideration that the flow of gases
*hrourh the nozzle begins before reaching the maximal pressure,

we ree that at ’%uu the combustion reaction does not reach the
egnilirrium state. Hence, at that momrxent the temperature of the
rroducte of combusrtion does not reach in practice the calculated

val7e, The presrure ceases to rise not because of the completion
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of reaction but hecause of the counterbalancing of the rise of
nrecgnre arisine from combustion and the fall of pressure arising
from *he ontflow of races through the nozzle. Rough calculations
indicate vhat temperature of the condensation of water ir reached
vhen the temvperature in combustion chamber is about 1800 K. Such

a temneratrire in comhnstion chamber is possible, at the start of the
~ac flow (when the channel is opened) and at Ps'”\“'

The diecussed phenomena, i.,e., a lowering of the transla-
tional temveratire and non-optimal gas=dynamic conditions at P§1“~',
car jointly cause the complete decay of generation in the iritial
veriod of the ountflow of gases at Psu“‘(oscillogram 1 in Figure 2).
This decay of reneration at the beginning accounts for the rapid
decreace of the total impulse energy of laser at very low ratios ry@k
(Figure 1), The phenomena described above are very sensitive to
minimal chanres of exverimental conditions (sharp devendence
TIT,=f (PP hence in this range of the ratio of pressures
one otrgerver large variationes of the values of energy in consecutive
exveriments,

It seems obvious that the obtained results are valid
with resvect to values of particular parameters for the given
rcac=-dynamic conditions and for the given shape of nozzle, At other
values of 44, the ratio of pressures (p/p,)em will lie in
different range, ard Eme will be found in different place,

at a different value of plp.

Y
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General conclusions

The obtained results and their interpretation diverge
somewhat from the results of studies by other authors /2/. So far,
no optimal conditions of work for this type of lasers of periodic
action were sought because of the magnitude of the total impulee
enerrv, which depends on the power and duration time of the gene-
ration, So far, no fact was considered that a laser of this type
works throurch the major part of the duration of impulse under

nonoptimal gas=dynamic conditione of flow. The ratio of pressures

chanres during the impulee while the dimensions of nozzle remain

the same,

The premature decay of generation at excessively high

pressnres in combustion chamber, observed in our case (Figure 3),
mav be caused by too high a temperature in the area of cavity and
tv ereation of the optical nonhomogeneity of gases because of the

formation of standing waves in the cavity region, The excessively

hiech temperature could arise, amons others, from the fact that

at the time of reneration the gases are heated also by final stages

of comrnetion reaction, which were not yet completed befo-e the 4

ovenrinr of combustion chamber, If we assume that, because of these

residnal reactions, the temperature of pases remains at the level
of calcnlated temperature, despite the drop of pressure, then the

temperature in resonance cavity at the end of impulse will be

ahout 600 K.
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It follows from the above that, in order to utilize better
| the energy of combustion, the experiments should be carried out in ]
snch a wav that before the opening of the nozzle the reaction of
combustion reaches the state of chemical equilibrium. Also, the shape
of the nozzle ghould ensure the optimal conditions of flow at the
maximum vressure in combustion chamber, Under such conditions, gares
at the hesinnins of decompression will be heated to a sufficiently
hirh temperature =0 that after decompression the temperature will be
’ nowhere near the condensation temverature of water, On the other
hand, at the end of the process of decompression the temverature

in combustion chamber, hecause of the drop of vressure, will be lower

than the calculated one (Main reactions of comhustion are completed),
Hence, even at a lower degree of decompression the temverature in
resonance cavity will not be too high, The value of the product fﬂ:

; (T - lifetime of the 00°1 state of €O, molecule) will be suffi-~
ciently high /3/ to ensure that, even at hircher pressnres in the

! area of cavity, we still obtain the appropriate inversion of

voonlations of the workine levels of CO2 molecule,

— haciading

This approach to experimental studies, where the optimal

conditions of the work of laser were established not only ac

i a function of parameters in combustion chamber ( 1; and A& ) but
as a function of the degree of decompression, mainly with a change

of preesure at outlet from the nozzle, supplements the results

Piblished so far /2/ to a substantial degree, Conclusions resultinge
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of the nozzle and resonator, One can utilize then the existing
theoretical work dealing with optimization of nozzles and

resonator /5/.

Manuscript received in April 1976.
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Summary

The impulse power of a gas-dynamic laser, based on acctylene combustion reaction, was mea-
sured as a function of Pressure p/Pumes, Where p is the presuure in the vacuum chamber and Pumes
the maximum pressure in the combustion chamber. The ratio p/Psm,., Was varied maintly by changing
p inside the vacuum chamber. The dependence of the power impulse on p/p,a.: Was obtained in
the form of a curve, which is non-monotonic and has a maxinum for a certain p, e value. A record
of the laser power as a function of the time was obtained at characteristic points of the curve.

Interpretation of the results obtained leads to practical conclusions as to the optimum conditions
for the operation of this type of laser.
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from these stndies can be adapted to systems with other parametere
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